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Summary
Lead (Pb) is a serious environmental pollutant in all its
chemical forms [1]. Attempts have been made to immobilize
lead in soil as the mineral pyromorphite using phosphate
amendments (e.g., rock phosphate, phosphoric acid, and
apatite [2–5]), although our work has demonstrated that
soil fungi are able to transform pyromorphite into lead
oxalate [6, 7]. Lead metal, an important structural and indus-
trial material, is subject to weathering, and soil contami-
nation also occurs through hunting and shooting [8, 9].
Although fungi are increasingly appreciated as geologic
agents [10–12], there is a distinct lack of knowledge about
their involvement in lead geochemistry. We examined the
influence of fungal activity on lead metal and discovered
that metallic lead can be transformed into chloropyromor-
phite, the most stable lead mineral that exists. This is of
geochemical significance, not only regarding lead fate and
cycling in the environment but also in relation to the phos-
phate cycle and linked with microbial transformations of
inorganic and organic phosphorus. This paper provides
the first report of mycogenic chloropyromorphite formation
from metallic lead and highlights the significance of this
phenomenon as a biotic component of lead biogeochem-
istry, with additional consequences for microbial survival
in lead-contaminated environments and bioremedial treat-
ments for Pb-contaminated land.
Results
Formation of Mycogenic Lead Minerals
Lead shot was incubated in the absence and presence of
test fungi isolated from a former lead mining area near
Wanlockhead, Scotland, UK. Formation of corrosion products
around the lead shot was observed in all biotic treatments.
Microscopic examination showed widespread corrosion on
lead shot surfaces as well as the presence of secondary
mineral formations of various shapes together with fungal
hyphae (Figure 1). Control lead shot, incubated in the absence
of the fungi, also showed some mineral deposition on the
lead surface resulting from abiotic corrosion (Figures 1A and
1B). The secondary minerals formed on lead shot incubated
with Metarhizium anisopliae showed several different mor-
phologies, the most distinctive shapes observed being hexag-
onal columns and small spheroids (Figures 1C and 1D). In
Paecilomyces javanicus-treated lead shot, small spheroids
were dominant in most of the samples (Figures 1E–1H).*Correspondence: g.m.gadd@dundee.ac.ukDepositions of these secondary minerals were also detected
inside fractured hyphae of P. javanicus (Figure 1F) and on
the lead shot surface (Figures 1G and 1H).
Energy-Dispersive X-Ray Analysis and X-Ray Mapping
Energy-dispersive X-ray analysis (EDXA) revealed differences
in elemental compositionbetween the secondary leadminerals
produced in biotic and abiotic treatments. In the abiotic
control, lead, carbon, and oxygen appeared as the main
elements (Figure 2A), whereas phosphorus and chlorine
together with lead, carbon, and oxygen appeared only in
the secondary minerals produced in the presence of
P. javanicus and M. anisopliae (Figures 2B and 2C).
Some common lead minerals that contain phosphorus are
pyromorphite (Pb5[PO4]3X [X = F, Cl or OH]), plumbogummite
(PbAl3[PO4]2[OH]5), and tsumebite (Pb2Cu[OH]3[PO4]).
Plumbogummite and tsumebite contain other metals (Al, Cu),
which can be easily detected in EDXA. The absence of
aluminum and copper in the EDXA spectra suggest that
the mineral formed on fungal-exposed lead surfaces was
chloropyromorphite. X-ray mapping was able to confirm not
only the presence of phosphorus and chlorine but also the
exact location within the secondary minerals (Figure 3). Lead
(Figure 3C), phosphorus (Figure 3D), chlorine (Figure 3E), and
oxygen (Figure 3F) were all identically localized within the
secondary minerals.
X-Ray Powder Diffraction Analysis
X-ray powder diffraction analysis (XRPD) revealed that the
secondary minerals on the surfaces of lead shot from abiotic
control plates included minium (Pb3O4) and hydrocerussite
(Pb3[CO3]2[OH]2) together with a minor component of litharge
(PbO) after 2 months incubation (Figure 4A); additionally,
cerussite (PbCO3) is present after 3 months incubation (Fig-
ure 4B). However, lead shot taken from plates inoculated
with P. javanicus showed evidence of chloropyromorphite
(Pb5[PO4]3Cl) formation after incubation for 1 month, the
mineral assemblage also including cerussite, hydrocerussite,
minor litharge, and minium (Figure 4C). After 3 months incuba-
tion, chloropyromorphite was much more prominent in the
assemblage (Figure 4D). M. anisopliae showed cerussite
with minor litharge and hydrocerussite after incubation for
1 month (Figure 4E) but along with minor chloropyromorphite,
whereas after 3months incubation (Figure 4F), chloropyromor-
phite was considerably more abundant. Metallic lead from
the lead shot substrate is also apparent in most traces. Note
that the peaks for some phases (minerals) are occasionally
displaced from their ideal positions, and this is attributed to
the nonideal geometry of the sample, i.e., spherical rather
than flat. Additionally, the peaks for chloropyromorphite are
notably broader than the other phases, indicating a very fine
size or a cryptocrystalline nature of the phase.
Discussion
Mostmetallic lead contamination of the environment is caused
by the use of lead shot in firearms [13, 14] and in fishing
weights or jigs, although non-lead substitutes are now widely
Figure 1. Scanning Electron Microscopy Images of Lead
Shot Surfaces Incubated in the Absence or Presence of
Experimental Organisms
Images were obtained using a Philips XL30 environ-
mental scanning electron microscope (ESEM) operating
at an accelerating voltage of 15 kV.
(A and B) Surface of control lead shot showing some
deterioration caused by abiotic effects (scale bars repre-
sent 500 mm and 10 mm, respectively).
(C and D) Secondary lead mineral and pyromorphite
formation on lead shot surface after incubation with
M. anisopliae (scale bars represent 5 mm and 2 mm,
respectively).
(E) Deposits of pyromorphite on the surface of lead shot
incubated with P. javanicus. This image was taken after
removing the fungal hyphae, which were covering the
lead shot (scale bar represents 10 mm). Inset is a higher
magnification image of the area indicated by the square
(scale bar represents 1 mm).
(F) Pyromorphite formation within broken hypha of
P. javanicus (scale bar represents 5 mm).
(G) Pyromorphite deposition on the surface of lead shot
incubated with P. javanicus (scale bar represents
10 mm). The arrow indicates the area of sample shown
in (H) at higher magnification.
(H) Pyromorphite deposition on the surface of lead shot
incubated with P. javanicus (detail of indicated area in
G; scale bar represents 2 mm). All samples were incu-
bated for 3 months at 25C. Typical images are shown
from many similar examples.
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238used in freshwater angling [15]. In one study, lead shot from
ammunition was found to accumulate in a shooting range to
amounts of the order of tens of thousands of kilograms per
hectare per year [8]. Apart from such direct introduction of
metallic lead into the environment, soil can also be contami-
nated with lead from other sources such as industrial wastes
(i.e., paints, printing inks, lead water pipes, lead glazed
pottery, battery casings, etc.), as well as residues from leaded
petrol [16]. Lead in all its forms is regarded as an important and
potentially dangerous pollutant because of toxicological
effects toward humans [1, 9, 17], and as with other toxic
metals, various remedial techniques have been investigated
to limit lead mobility in soils [16]. When metallic lead is
exposed to air and moisture, it is oxidized and litharge (PbO)
is formed on the lead surface: the oxide can further react
with carbon dioxide to form cerussite (PbCO3). Other lead
oxides and salts, such as minium (Pb3O4) and hydrocerussite
(Pb3[CO3]2[OH]2) may also be formed when lead and leadoxides are exposed to various pH conditions
[1]. Despite lead being bound strongly to soil
components such as soil colloids and humic
substances, attempts have still been made to
immobilize lead in situ by the formation of
stable lead minerals that can withstand weath-
ering processes or biological attack.
In lead-contaminated soil, the lead con-
taining mineral pyromorphite can form by
interaction between mobile Pb species, phos-
phate, and chloride. Chloropyromorphite
(Pb5[PO4]3Cl), with a solubility product (Ksp)
of 10284.4, is the most stable lead mineral
in the Earth’s crust [16], and the various
forms of pyromorphite (Pb5[PO4]3X [X = F, Cl
and OH]) formation have been widely pro-
posed as a remediation mechanism for thesequestration and immobilization of contaminant Pb in soil
[3, 16, 18, 19]. Soil amendment remediation techniques that
apply apatite or bone meal to encourage the formation of
pyromorphite have received wide attention [20].The addition
of phosphoric acid [2], apatite [3], and rock phosphate [4, 5]
has been used to immobilize lead in this way. All of these
procedures require a step that includes acidification of the
soil. This allows the dissolution of the Pb and P source, which
increases the efficacy of pyromorphite formation but also
promotes leaching of other metals, which might cause addi-
tional contamination [19]. In addition, some phosphate
amendment remediation techniques may show only a low
efficiency in transforming Pb to pyromorphite. For example,
in one study, it was shown that only 30% of total Pb in the
soil of a shooting range was transformed to pyromorphite [21].
Biogenic formation of hydroxypyromorphite (Pb5[PO4]3[OH])
(log Ksp of 276.8) has been reported in the nematode
Caenorhabditis elegans where it was shown that through
Figure 2. Energy-Dispersive X-Ray Analysis of Lead Shot and Secondary Minerals Produced after Incubation with Experimental Organisms
Results were obtained using a Philips XL30 environmental scanning electron microscope (ESEM) operating at an accelerating voltage of 20 kV. The data
shows the presence of phosphorus and chlorine in the lead secondary minerals formed on the surface of the lead shot after incubation with the test fungi.
(A) EDXA of lead shot controls after 3 months incubation.
(B) EDXA of lead secondary minerals formed on the lead shot surface after incubation with P. javanicus for 3 months (this corresponds with Figure 1E).
(C) EDXA of lead secondary minerals formed on the lead shot surface after incubation with M. anisopliae for 3 months (this corresponds with Figure 1D).
Typical spectra are shown from many similar examples.
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239the ingestion of lead nitrate, accumulated lead was precipi-
tated as hydroxypyromorphite within the pharynx [22].
The bacterium Burkholderia cepacia was also able to
transform lead nitrate into hydroxypyromorphite within a
bacterial biofilm [23]. However, there are no accounts of
biogenic involvement in chloropyromorphite formation and
little or no research in this context with fungal systems. During
our investigations of lead biocorrosion by fungi, we have
found that some organisms (P. javanicus and M. anisopliae)
were associated with the formation of chloropyromorphite
during interaction with metallic lead. Control abiotically incu-
bated lead shot showed the typical lead corrosion productsminium (Pb3O4) and hydrocerussite (Pb3[CO3]2[OH]2) with
a minor component of litharge (PbO) after two months incuba-
tion and litharge and cerussite (PbCO3) after three months
incubation. This corresponds with the fact that metallic lead
shot deposited in soil develops a crust material composed
mainly of hydrocerussite (Pb3[CO3]2[OH]2) and cerussite
(PbCO3) [9, 18, 24]. However, lead shot incubated with fungi
showed chloropyromorphite formation after incubation for
1 month as well as traces of cerussite, hydrocerussite, minor
litharge, and minium. After 3 months incubation, chloropyro-
morphite was the most dominant mineral formed. We can
therefore hypothesize that chloropyromorphite is not theFigure 3. X-Ray Mapping of Lead Secondary Minerals
Resulting from Interaction of P. javanicus with Lead
Surfaces
X-ray maps of the lead secondary minerals were ob-
tained using a Philips XL30 ESEM operating at an
accelerating voltage of 20 kV.
ESEM image of lead secondary minerals (without any
Au/Pd coating) (A). EDXA confirmed the presence of
five elements within the mineral (Pb, P, Cl, O, and C)
(scale bar represents 10 mm) carbon (B), lead (C), phos-
phorus (D), chlorine (E), and oxygen (F).
Figure 4. X-Ray Powder Diffraction of Secondary
Minerals Produced on Interaction of Fungi with Lead
Surfaces
Results were obtained using a Panalytical X-pert Pro
diffractometer and an X-celerator position sensitive
detector, demonstrating the presence of pyromorphite
and other lead minerals. The data are XRPD traces of
the minerals associated with control lead shot incubated
at 25C in the dark for 1 and 3 months, respectively (A
and B), lead shot incubated with P. javanicus for 1 and
3 months, respectively (C and D), and lead shot incu-
bated withM. anisopliae for 1 and 3 months respectively
(E and F). The Powder Diffraction File from the Interna-
tional Centre for Diffraction Data was used for pattern
referencing, pyromorphite (19-0791), hydrocerussite
(13-0131), cerussite (47-1734), minium (41-1493), litharge
(05-0561), and lead (04-0686) (as shown under each
XRPD pattern).
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240initial biocorrosion product. Some of the reactions that
occurred in the abiotic treatments may result before the
consequences of fungal growth and metabolism can affect
the lead surfaces, i.e., production of minium, hydrocerussite,
cerussite, and litharge. After contact with fungi and their
excreted metabolites, chloropyromorphite formation might
be the dominant reaction, with further transformation of cerus-
site and hydrocerussite leading to reaction of mobile Pb
species with phosphate. We have previously demonstrated
solubilization and transformation of pyromorphite to lead
oxalate by Aspergillus niger [6] as well as by other fungal
species including mycorrhizal symbionts [7]. The release of
mobile lead species from pyromorphite by organic acids has
also been reported [25], and this also emphasizes the impor-
tant role of fungal organic acids in lead, as well as other metal
and mineral transformations [11, 12, 26]. In this context, the
precipitation of other metal phosphate minerals as a result
of fungal action has been demonstrated. Secondary myco-
genic uranium mineral precipitates on fungal mycelia growing
in the presence of uranium oxides or depleted uranium were
found to be uranyl phosphate minerals of the meta-autunite
group, uramphite, and/or chernikovite [27–29]. Microbes can
also play a role in the formation of other phosphate mineralssuch as vivianite (Fe3[PO4]2.8H2O), strengite
(FePO4.2H2O), and variscite (AlPO4.2H2O).
Such formation of phosphate minerals is
thought to be most common in soil, where
the orthophosphate may arise from organic
phosphate degradation or apatite solubiliza-
tion for example, whereas Fe or Al may arise
from microbial solubilization of other minerals
[30]. Similarly, secondary phosphates of other
elements including lanthanides Sr and Ba
can be formed at a dissolving apatite surface
[31]. However, the involvement of fungi in
such reactions is often overlooked, and to
our knowledge, this is the first report of
mycogenic chloropyromorphite formation.
In view of the ubiquity of fungi in the natural
and built environment, this may be a sig-
nificant process occurring wherever fungal
(or other microbial) activity coincides with
the presence of lead (and its complexes,
compounds, and minerals) and a source of
phosphate.The results from the present study clearly demonstrate
a previously unknown biogenic step in the biocorrosion of
lead metal and transformation into pyromorphite through
fungal action. This could be interpreted as an example of
biologically induced biomineralization [11] where the impor-
tance of fungal metabolites, particularly organic acids, plays
an important role in the liberation of mobile lead species
subsequently precipitated as pyromorphite. This observation
also represents an addition to our understanding of the
biogeochemical cycling of lead, as well as phosphorus, and
the importance of fungi as agents of geochemical change.
Our findings are also relevant to lead contamination of
the terrestrial environment. Until now, the formation of pyro-
morphite in lead-contaminated soil was thought to result
from purely chemical reactions. We can now propose that
microbial activities may also contribute to pyromorphite
formation as well as dissolution [10] and are likely to be
important in other environmental contexts outside those
reported in this paper. In an applied context, our findings
are relevant to the biocorrosion of lead in structural or con-
tainment contexts, as well as the processes occurring before
and during any remediation attempts on lead-contaminated
land.
Pyromorphite Formation by Fungi
241Supplemental Information
Supplemental Information includes Supplemental Experimental Procedures
and can be found with this article online at doi:10.1016/j.cub.2011.12.017.
Acknowledgments
We thank Martin Kierans of the Centre for High Resolution Imaging and
Processing, College of Life Sciences, University of Dundee, for expert
assistance with the electron microscopy and Helen Pendlowski of the
James Hutton Institute, Aberdeen, for obtaining the XRPD patterns.
Received: November 3, 2011
Revised: December 7, 2011
Accepted: December 7, 2011
Published online: January 12, 2012
References
1. Casas, J.S., and Sordo, J. (2006). An overview of the historical impor-
tance, occurrence, isolation, properties and applications of lead. In
Lead - Chemistry, Analytical Aspects, Environmental Impact and
Health Effects, J.S. Casas and J. Sordo, eds. (Amsterdam: Elsevier),
pp. 1–40.
2. Yang, J., Mosby, D.E., Casteel, S.W., and Blanchar, R.W. (2001). Lead
immobilization using phosphoric acid in a smelter-contaminated urban
soil. Environ. Sci. Technol. 35, 3553–3559.
3. Ma, Q.Y., Traina, S.J., and Logan, T.J. (1993). In situ lead immobilization
by apatite. Environ. Sci. Technol. 27, 1803–1810.
4. Basta, N.T., and McGowen, S.L. (2004). Evaluation of chemical immobi-
lization treatments for reducing heavy metal transport in a smelter-
contaminated soil. Environ. Pollut. 127, 73–82.
5. Ma, Q.Y., Logan, T.J., and Traina, S.J. (1995). Lead immobilization from
aqueous solutions and contaminated soils using phosphate rocks.
Environ. Sci. Technol. 29, 1118–1126.
6. Sayer, J.A., Cotter-Howells, J.D., Watson, C., Hillier, S., and Gadd, G.M.
(1999). Lead mineral transformation by fungi. Curr. Biol. 9, 691–694.
7. Fomina, M.A., Alexander, I.J., Hillier, S., and Gadd, G.M. (2004). Zinc
phosphate and pyromorphite solubilization by soil plant-symbiotic
fungi. Geomicrobiol. J. 21, 351–366.
8. Darling, C.T.R., and Thomas, V.G. (2003). The distribution of outdoor
shooting ranges in Ontario and the potential for lead pollution of soil
and water. Sci. Total Environ. 313, 235–243.
9. Ma, W.C. (1989). Effect of soil pollution with metallic lead pellets on lead
bioaccumulation and organ/body weight alterations in small mammals.
Arch. Environ. Contam. Toxicol. 18, 617–622.
10. Gadd, G.M. (2007). Geomycology: biogeochemical transformations of
rocks, minerals, metals and radionuclides by fungi, bioweathering and
bioremediation. Mycol. Res. 111, 3–49.
11. Gadd, G.M. (2010). Metals, minerals and microbes: geomicrobiology
and bioremediation. Microbiology 156, 609–643.
12. Gadd, G.M. (2011a). Geomycology. In Encyclopedia of Geobiology,
Part 7, J. Reitner and V. Thiel, eds. (Heidelberg: Springer), pp. 416–432.
13. Rooney, C.P., McLaren, R.G., and Condron, L.M. (2007). Control of lead
solubility in soil contaminated with lead shot: effect of soil pH. Environ.
Pollut. 149, 149–157.
14. Dermatas, D., Chrysochoou, M., Grubb, D.G., and Xu, X. (2008).
Phosphate treatment of firing range soils: lead fixation or phosphorus
release? J. Environ. Qual. 37, 47–56.
15. Scheuhammer, A.M., and Norris, S.L. (1996). The ecotoxicology of lead
shot and lead fishing weights. Ecotoxicol. 5, 279–295.
16. Miretzky, P., and Fernandez-Cirelli, A. (2008). Phosphates for Pb
immobilization in soils: a review. Environ. Chem. Lett. 6, 121–133.
17. Flora, J.S.S., Flora,G., andSaxena,G. (2006). Environmental occurrence,
health effect and management of lead poisoning. In Lead - Chemistry,
Analytical Aspects, Environmental Impact and Health Effects, J.S.
Casas and J. Sordo, eds. (Amsterdam: Elsevier), pp. 158–228.
18. Cao, X., Ma, L.Q., Chen, M., Singh, S.P., and Harris, W.G. (2002).
Impacts of phosphate amendments on lead biogeochemistry at
a contaminated site. Environ. Sci. Technol. 36, 5296–5304.
19. Chen, M., Ma, L.Q., Singh, S.P., Cao, R.X., and Melamed, R. (2003).
Field demonstration of in situ immobilization of soil Pb using P amend-
ments. Adv. Environ. Res. 8, 93–102.20. Chrysochoou, M., Dermatas, D., and Grubb, D.G. (2007). Phosphate
application to firing range soils for Pb immobilization: the unclear role
of phosphate. J. Hazard. Mater. 144, 1–14.
21. Hashimoto, Y., Takaoka, M., Oshita, K., and Tanida, H. (2009).
Incomplete transformations of Pb to pyromorphite by phosphate-
induced immobilization investigated by X-ray absorption fine structure
(XAFS) spectroscopy. Chemosphere 76, 616–622.
22. Jackson, B.P., Williams, P.L., Lanzirotti, A., and Bertsch, P.M. (2005).
Evidence for biogenic pyromorphite formation by the nematode
Caenorhabditis elegans. Environ. Sci. Technol. 39, 5620–5625.
23. Templeton, A.S., Trainor, T.P., Spormann, A.M., Newville, M., Sutton,
S.R., Dohnalkova, A., Gorby, Y., and Brown, G.E., Jr. (2003). Sorption
versus biomineralization of Pb(II) within Burkholderia cepacia biofilms.
Environ. Sci. Technol. 37, 300–307.
24. Singh, S.P., Ma, L.Q., and Hendry, M.J. (2006). Characterization of
aqueous lead removal by phosphatic clay: equilibrium and kinetic
studies. J. Hazard. Mater. 136, 654–662.
25. Debela, F., Arocena, J.M., Thring, R.W., and Whitcombe, T. (2010).
Organic acid-induced release of lead from pyromorphite and its rele-
vance to reclamation of Pb-contaminated soils. Chemosphere 80,
450–456.
26. Gadd, G.M. (1999). Fungal production of citric and oxalic acid: impor-
tance in metal speciation, physiology and biogeochemical processes.
Adv. Microb. Physiol. 41, 47–92.
27. Fomina, M., Charnock, J.M., Hillier, S., Alvarez, R., and Gadd, G.M.
(2007). Fungal transformations of uranium oxides. Environ. Microbiol.
9, 1696–1710.
28. Fomina, M., Charnock, J.M., Hillier, S., Alvarez, R., Francis Livens, F.,
and Gadd, G.M. (2008). Role of fungi in the biogeochemical fate of
depleted uranium. Curr. Biol. 18, 375–377.
29. Gadd, G.M., and Fomina, M. (2011b). Uranium and fungi. Geomicrobiol.
J. 28, 471–482.
30. Ehrlich, H.L., and Newman, D.K. (2009). Geomicrobiology, Fifth Edition
(Florida: CRC Press/Taylor & Francis Group).
31. Banfield, J.F., and Hamers, R.J. (1997). Processes at minerals and
surfaces with relevance to microorganisms and prebiotic synthesis.
Rev. Mineral. 35, 81–122.
